Abstract: Hydrologic regime plays a major role in structuring biotic diversity within river ecosystems by controlling key habitat conditions within the river channel and floodplain. Daily flow records from seven hydrological stations and the range of variability approach were utilized to investigate the variability and spatial pattern of the hydrologic alterations induced by the construction of the Three Gorges Dam (TGD) in the middle and lower reaches of the Yangtze River, China. Results show that the impoundment of the TGD disturbed the hydrologic regime downstream and directly affected the streamflow variations. The rate of changes and the annual extreme conditions were more affected by the TGD, particularly the low-flow relevant parameters. The alterations in the hydrologic regime were mainly caused by the TGD storing water during early autumn and releasing water during winter and spring. The effects on spatial patterns decreased as the distance from the dam increased, which was mainly attributed to the inflows from large tributaries along the Yangtze River as well as the interaction with the two largest natural lakes (i.e., Dongting Lake and Poyang Lake). These hydrologic alterations not only break the natural balance of eco-flow regimes but also result in undesirable ecological effects, particularly in terms of habitat availability for the fish community.
Introduction
Natural flow regime is extremely important in sustaining river environments and aquatic ecosystems and has been widely adopted as a paradigm for ecological integrity conservation and restoration; it is well recognized by river scientists, stream ecologists, and water resource managers [1] [2] [3] [4] [5] . Flow regime (i.e., intra-and inter-annual flow variability) is the primary driving force of the structure and function of riverine ecosystems and the distribution, composition, and diversity of lotic biota [4, 6] . Streamflow controls many physical and ecological aspects of river form and processes, including sediment transport and nutrient exchange, which in turn control many habitat factors, such as flow depth, velocity, and habitat volume [1, 7] . However, global hydrologic regime has undergone major changes because of intensive human activities, such as dam construction, irrigation, and land use change [8, 9] . Building dams for flood control and hydroelectric generation can alter the downstream hydrologic regime by affecting the total runoff quantity, water quality, and duration of extreme runoff, thereby resulting in hydrologic fragmentation both longitudinally and laterally [10] . Hydrologic regime may also affect the distribution and availability of riverine habitat conditions, with potentially adverse consequences on the structure and persistence of aquatic communities [11] .
Recognizing the significance of hydrologic alterations (HAs) in structuring biotic diversity within river ecosystems, recent studies have adopted multivariable approaches to quantify these alterations [12, 13] . Richter et al. [11] developed the indicators of hydrologic alteration (IHA) to assess the degree to which human disturbance affects hydrologic regimes based on either hydrologic data available for a specific ecosystem or model-generated data. Richter et al. [2] applied IHA and proposed the range of variability approach (RVA) with the aim of setting streamflow-based river management targets that incorporate the concepts of hydrologic variability and aquatic ecosystem integrity. RVA has been proven to be a practical and effective means of assessing HA and has been applied to many river basins around the world that represent a variety of watershed and hydrologic regime types [14] [15] [16] . Galat and Lipkin [17] employed RVA to analyze the natural range of variation of the flow regime of Missouri River before and after main-stem impoundment. Their results showed that river flows are significantly affected by reservoirs. Zolezzi et al. [18] integrated the well-established RVA with wavelet transform analysis to assess the adverse consequences of hydrological alteration resulting from reservoir construction on the ecological integrity of Adige River in Italy. Yang et al. [19] utilized RVA and a mapping technique to investigate the spatial variability of HA resulting from dam construction in the middle and lower reaches of Yellow River in China.
The Yangtze River (Figure 1 ), the longest and largest river in China and the third largest river in the world, plays a vital role in ecological environmental conservation and in the economic development of China. In recent decades, more than 45,700 dams with a total capacity of 220.0 billion m 3 have been constructed in the Yangtze River basin [20] . As a large river, the Yangtze River is experiencing drastic hydrological changes [21] [22] [23] , especially after the construction and operation of the Three Gorges Dam (TGD). A number of studies have indicated that the operation of the TGD has influenced the river discharge and sediment transport in the Yangtze River basin [24] [25] [26] [27] . For example, Dai et al. [28] examined the impacts of the TGD and serious drought on river discharge reduction in 2006. Zhang et al. [29] investigated the monthly streamflow and sediment load changes in the middle reaches of the Yangtze River after the TGD started operation and found that the TGD showed more significant impacts on monthly sediment load than monthly streamflow. Using scanning t-test and the simple two-phase linear regression, Zhang et al. [30] analyzed the abrupt changes in sediment load and streamflow at different time scales in the Yangtze River basin. In a recent study, Gao et al. [31] adopted the IHA metrics to detect flow regime changes in the middle-lower Yangtze River and evaluated the contribution of the TGD to these changes. Obviously, the construction of the TGD has drawn considerable attention on the changes in the downstream river's flow regime. However, most of the studies have focused on trend detection [32] and periodicity analysis [33, 34] of annual or seasonal river discharge and sediment load based on monthly or annual datasets. The ecologically relevant indicators (i.e., IHA metrics) were employed in Gao et al. [22, 31] , but were limited to analyze the deviations of the annual mean IHA values between the pre-and post-impact periods. The full range of natural flow regime changes and the degree of hydrological alteration remains unclear, which is crucial for environmental flow assessment and rivers management. Additionally, the spatial patterns of HA along the middle-lower Yangtze River was seldom evaluated. Using the method of RVA and daily discharges at seven hydrological stations (Figure 1 ) in the period of 1980-2012, the current study is (1) to quantify and characterize the alteration of natural flow regimes in the middle-lower Yangtze River after TGD construction; (2) to examine the spatial differences in the degree of HA in the seven stations along the mainstream; and (3) to investigate the possible reasons behind flow regime changes and discuss the possible ecological implications due to these changes. The results in this study are expected to provide technical support and decision reference for improving the operation of the Three Gorges-Gezhouba cascade reservoirs and sustaining the Yangtze River ecosystem health.
Study Region and Data
The Yangtze River originates from the Tibetan Plateau and follows a sinuous west-to-east route before emptying into the East China Sea; it has a length of 6300 km and a drainage area of 1.8 million km 2 . The Yangtze River is located in a region with a subtropical monsoon climate, where monsoon activities transport a huge amount of atmospheric moisture from the East and South China Sea to the basin, thereby influencing the spatial and temporal variability of precipitation in the Yangtze River basin. The river discharge changes with precipitation [23] . The TGD, one of the largest dams in the world, is located in the upper reaches of the Yangtze River ( Figure 1 ) and has a length of 2309 m and a height of 185 m [34] . The construction of the TGD began on 14 December 1994, and ended in 2009. The dam has a total storage capacity of 39.3 billion m 3 , approximately 4.5% of the Yangtze River's annual discharge. The dispatch modes for the TGD are as follows: (1) pre-discharge dispatch, water release in late May-early June to empty the flood control capacity; (2) flood-control dispatch, flow regulation in July-August; (3) water-storage dispatch, water impounding in mid-September-October for electricity generation and water supply in winter; and (4) water-supplement dispatch, water release in December-April [35] . The Yichang, Hankou and Datong station controls the discharge of the upper, middle and lower reach, respectively. River discharges between the Yichang and Jianli stations are partially diverted into the Dongting Lake via three distributaries, which together with upstream discharge of the Dongting Lake flow into the main channel at the Chenglingji station. The Poyang Lake and the Yangtze River have a common outlet or inlet located at the Hukou station ( Figure 1 ).
Daily streamflow data at seven hydrological stations ( The homogeneity and reliability of the data were verified and firmly controlled prior to their release. The data series utilized in this study are highly consistent and have no missing data. Detailed information on the seven hydrological stations is provided in Table 1 ; the locations of these stations are shown in Figure 1 .
Methods

Range of Variability Approach
RVA employs 33 hydrologic parameters to evaluate HA [2] ; these parameters are categorized into five groups based on the magnitude, timing, frequency, duration, and rate of change. Given that zero-flow days were not observed in the seven hydrological stations during the study period, the parameter "number of zero-flow days" was not included in the study. Below are the five groups of hydrologic parameters. Located at the tidal limit of the estuary; is the last controlling station measuring the Yangtze River's discharge to the sea. Group 1. Twelve monthly median flows describe the normal flow condition. Group 2. Ten parameters describe the magnitude and duration of annual extreme flows, including 1-, 3-, 7-, 30-, and 90-day annual maxima and minima encompassing the daily, weekly, monthly, and seasonal cycles. The base flow index was obtained by dividing the 7-day minimum flow by the annual mean flow. Group 3. Julian dates for 1-day annual maximum and minimum indicate the timing of annual extreme flows. Group 4. Four parameters refer to the frequency and duration of the high and low pulses. The high pulses are periods within a year when the daily flows are above the 75th percentile daily flow of the pre-impact period. The low pulses are periods within a year when the daily flows are below the 25th percentile daily flow of the pre-impact period [11] . Group 5. Three parameters (fall rate, rise rate, and number of reversals) indicate the numbers and mean rates of both positive and negative changes in flow in two consecutive days.
In the absence of specific ecological information, the ranges of natural variability are usually based on selected percentile levels or a simple multiple of the parameter standard deviations for the natural or pre-impact hydrologic regime. The management objective is not to have the river attain the target range every year but rather, to attain the range in the same frequency as that in the natural or pre-impact flow regime [14] . Considering its robustness and good estimation of skewed hydrologic data [11] , the nonparametric approach was employed in this study to define the median (50th percentile) as the central tendency value and the range between the 25th and 75th percentile as the targeted range of variability for the post-impact period. The degree to which the RVA target range is not attained is a measure of HA. HA, expressed as a percentage, can be calculated as [14] HA (%) = -× 100
(1)
where "Observed" is the number of years wherein the observed value of the hydrologic parameter fell within the targeted range and "Expected" is the number of years wherein the value is expected to fall within the targeted range; HA is equal to zero when the observed frequency of the post-impact annual values that fall within the RVA target range equals the expected frequency. A positive deviation value indicates that the annual parameter values fall within the RVA target range more often than expected; negative values indicate that the annual values fall within the RVA target window less often than expected. Richter et al. [14] proposed a simple three-class evaluation system for individual IHA, in which the degrees of HA are classified into minimal or no alteration (0%-33% as indicated by L), moderate alteration (34%-67% as indicated by M), and high alteration (68%-100% as indicated by H).
Indicator Selection for Spatial Assessment
The calculations for RVA were based on hydrologic data collected at a single point (hydrological station) and therefore only measured HA in a temporal (rather than a spatial) dimension at that point. However, such point-based data and evaluations usually reflect hydrologic conditions and processes over a wide and long area of the river. These data also provide information on hydrologic conditions that extend to the upstream and downstream sections of the station location. Once point-based data are analyzed and their spatial applicability determined, they can be employed to assess the spatial extent of hydrologic alteration for river reaches at and between hydrological stations.
Since the percentile values of most IHA indicators contributing to the overall degree of HA in the basin are less than 67%, it is not necessary to determine the overall degree of HA by all IHA indicators [14, 19] . Hence, we need to detect the IHA factors with statistically significant contributions to the overall degree of HA. Firstly, the median of absolute degree for each IHA indicator observed in the seven hydrological stations was calculated; then, these medians were ranked and the percentile values were computed; thereafter, the major factors can be singled out according to the medians which exceed the 67th percentile (i.e., HA = 45%), and accepted to examine the spatial pattern of HA in the investigation; finally, the average absolute degrees of alteration for the selected factors were computed for each hydrological station, obtaining the overall degrees of HA.
Results
The medians, coefficients of dispersion, ranges, and degrees of HA for all the 32 hydrologic parameters in the seven hydrological stations were calculated with the IHA software version 7.1. The 25th and 75th percentile values were calculated based on the available pre-impact records, which were considered the low and high boundaries of the RVA target range. The results of the RVA analysis are shown in Table 2 . 
Group 2 
Characterization of HA
Group 1: Magnitude of Monthly Streamflow
On average, the magnitude of monthly median flow is less than the pre-impact values from June to November, particularly in October and November. However, from December to May, the monthly median flow increased after 2003. Moderate and low degrees of HA were observed for most months, whereas high degrees were observed in October, February, March, and May at Yichang, Chenglingji, and Datong (Table 2 ). With Yichang station as an example, the monthly median flow for February is 17.3% greater than the pre-impact value (Figure 2a) , with a statistically significant increase at the 95% confidence level. This increase was mainly caused by water release of TGD in dry seasons. Figure 2a also shows that the annual median flows for February fell less frequently within the RVA target range after 2003, most of which were well beyond the RVA high boundary and resulted in high HA of −82%. Correspondingly, the monthly median flows for October in the post-impact period declined with fluctuation, most of which were below the RVA low boundary (Figure 2b ) with HA of −67%. Water storage by TGD was one major reason for the reduction of river flow. In addition, the median monthly flow for May and October at Chenglingji and for March and July at Datong were highly altered, with HA of −80% and −73%, respectively.
Group 2: Magnitude and Duration of Annual Extreme Conditions
Significant differences were observed in the annual minima flows between the two periods; the post-impact values were all greater than the pre-impact values. By contrast, the annual maxima flows decreased slightly in the post-impact period. The majority of extreme minima flows experienced high or moderate alterations, particularly at Yichang and Jianli, whereas most of the extreme maxima flows presented low alterations (Table 2 ). For example, the annual 1-, 3-, and 90-day minima flows at Yichang are obviously greater than those during the pre-impact period and fell less frequently within the RVA target range (Figure 2c) , with high alterations of −84%, −82%, and −82%, respectively. As shown in Figure 2c , the annual 90-day minimum flows at Yichang station changed periodically before 2003 but increased continuously in the post-impact period. In contrast with other stations, the annual 7-day and 90-day minima flows at Chenglingji fell within the RVA target range more often than expected after 2003 (Figure 2d) , both with high alteration of 80%. Additionally, the fluctuation range of the 90-day minima flow in the post-impact period was less than that in the pre-impact period. This finding mainly resulted from the strengthened forcing of Dongting Lake on the river, which made the flow variations flatter and had buffering effect on the river flow variations. The base flow index was clearly altered in Luoshan and Hankou, and the post-impact values increased by 24% and 27%, respectively, both of which exhibited HA of −82% (Table 2 ).
Group 3: Timing of Annual Extreme Water Conditions
In general, the Julian dates of 1-day annual minimum at most stations (i.e., Yichang, Jianli, Luoshan, and Hankou) were earlier than that of the pre-impact period, whereas the Julian dates of 1-day annual maximum were later than that of the pre-impact period. All of them had HAs below 67%, which is categorized as moderate and low degrees (Table 2) . However, the two parameters were highly altered at Datong station, where the Julian date of 1-day annual maximum was 15.5 days later than that of the pre-impact period; the annual median values fell less frequently within the RVA target range in the post-impact period (Figure 2e ) with high HA of −73%. Although the Julian date of 1-day annual minimum was only delayed for 2 days, the HA reached −77%, which was classified as a high degree. 
Group 4: Frequency and Duration of High and Low Pulses
The frequency and duration of the low pulse changed more than that of the high pulse (Table 2) . Except for the low pulse count at Yichang, the other parameters in this group were slightly altered in all the stations with moderate or low HA. With Yichang station as an example, the median values of the duration of low and high pulses decreased in the post-impact period but with opposite HA of −65% and 31%, respectively. No apparent change was observed in the high pulse count with low HA of −23%. The median low pulse count increased by 62.5%, far beyond the RVA high boundary in the post-impact period. Almost all of the annual low pulse counts fell outside the RVA target range, with HA as high as −85% (Figure 2f ).
Group 5: Rate and Frequency of Water Condition Changes
The HAs of the parameters in this group were generally high, most of them were categorized as high or moderate, particularly for the rise rate at Chenglingji where no values fell within the RVA target range and HA reached −100% (Table 2 ). For example, the median of the rise rate at Jianli decreased from 410 m (Figure 2g ). On the contrary, the fall rate increased by 21% and fell within the RVA target range less often than expected, with high alteration of −71% (Figure 2h) . Similarly, the number of reversals also increased to some extent, with high alteration of −82% and −85% at Yichang and Hukou, respectively.
Spatial Patterns of HA
The spatial distribution of hydrological alterations varies considerably for each of the 32 IHAs (Table 2) . With the indicator selection method mentioned previously, the 33rd and 67th percentile values were computed with the medians of the 32 IHAs for the seven stations. Then, indicators with medians higher than the 67th percentile value (i.e., HA ≥ 45%), namely, 7-day minimum, rise rate, July, fall rate, 3-day minimum, number of reversals, 1-day minimum, base flow index, date of minimum, 30-day minimum, and October (Figure 3) , were singled out for spatial assessment of HA in the middle and lower Yangtze River. These indicators focused on the rate of change and extreme low flow conditions, and were supposed to be strongly affected by construction and operation of TGD located upstream. For each hydrological station, the overall degrees of HA were determined according to these 11 selected indicators. As shown in Table 3 , the overall degree of HA for the seven stations ranged from 37% to 63%, all belonging to moderate alteration. The results indicated that the hydrologic regime along the middle-lower Yangtze River was moderately affected by the impoundment of TGD. The results also showed that the overall degree of HA decreased with the decrease in the distance from the dam. In particular, the degree of HA in the Yichang reach (the nearest to TGD) was approximately two times as large as that in the Datong reach (the farthest). Besides, the degrees of HA at Chenglingji and Hukou reaches were lower than the corresponding stations in the downstream (i.e., Luoshan and Datong reaches). This may be related to the special setting of the surface water system in the middle-lower Yangtze River, where the river interacts directly with the two largest freshwater lakes (i.e., Dongting and Poyang Lakes), both of which play buffering roles at varying degrees for the Yangtze River flow [27, 36] . 
Discussion
It was known in the above section that the natural flow regime in the middle-lower Yangtze River was significantly changed after the operation of the TGD. The two major changes were an increase in low flow and a decrease in high flow, indicating that the river flow became more smoothness in the post-impact period. The alterations in flow regime were closely related to the operation rules of the TGD, which typically stores water in autumn (mainly in October and November) and releases water to the downstream section from December to May. The results also show that the low-flow relevant parameters were more affected by the construction of the TGD than the high-flow relevant indicators, because low flows often occurred in dry seasons and the TGD mainly released water to facilitate irrigation during these seasons. This trend may have caused the values of related IHA to deviate easily from the RVA targets and the attainment of high HA. In addition, the flood regulation of the TGD at full capacity decreased the duration of annual high and low pulses and increased the rate of changes, implying that the amplitude of streamflow variation decreased and the change frequency increased in the post-impact period. In terms of spatial patterns, the impacts of the TGD on downstream flow regime decreased as distance from the dam increased, which was largely attributed to the increased confluent inflows in many tributaries along the river. These inflows exhibit respective variations and interference to dilute the effects of the TGD. For example, the increased discharge (mainly inflowing from Hanjiang and Ganjiang Rivers) from Yichang to Datong reaches 15,000 m 3 /s, and is more than three times the base flow or approximately 50% of the peak flow at Yichang [36] ; thus, the effect of the TGD in the lower reaches is reduced.
With its large water storage capacity, the operation of the TGD can reduce the frequency of major flooding downstream from once every ten years to once every 100 years. However, dam-induced HAs not only break the natural balance of eco-flow regimes but may also result in undesirable ecological effects. Ban et al. [37] reported that the impoundment of the TGD reduced the average discharge of the Gezhou Dam by approximately 40% and may have an impact on its availability or suitability as a habitat for the Chinese sturgeon (Acipenser sinensis). Given that the Chinese sturgeon spawns in October and November [38] , the obvious decrease in monthly flow in October at Yichang (Figure 2b ) may affect their spawning habitat and propagation. Extreme flow changes may reduce bed-load transport and result in instability of the channel form and may be necessary precursors or triggers for the reproduction of certain species [11] . The timing of extreme flows reflects whether the water condition is synchronized with the life cycle requirements of fish (e.g., spawning season). The increase in low pulse count (Figure 2f ) may impose a fundamental constraint on the aquatic communities in the river and strongly affect the diversity and number of organisms that live in the river [39] . Other studies have shown that the duration of consecutive flow increase in the spawning season is a necessary condition for the spawning of four major Chinese carps (Aristichthys nobilis, Hypophthalmichthys molitrix, Mylopharyngodon piceus, and Ctenopharyngodon idellus) [40] .
In addition to the operation of TGD, both climate change and other intensive human activities in the basin (such as dam construction in the upper reaches or some tributaries, inter-basin water transfers, and water withdrawals) could also affect the hydrological regimes in the middle-lower Yangtze River [41, 42] . Many studies demonstrated that the streamflow variations were partly correlated with the spatial and temporal distribution of precipitation [31, 34] . Less precipitation in the upper Yangtze River basin may cause streamflow decreasing in the downstream reach. Besides, climate changes usually influence the hydrological regimes at longer time scales than that of human activities [30] . Although some attempts have been made to remove the possible impacts of climate change on hydrological processes [31, 36] , it is still difficult to exactly differentiate individual roles of climatic change and dam construction in hydrological alterations. Thus, many uncertainties may be introduced into the assessment of hydrological changes, which should be further quantified and addressed in ongoing research.
Conclusions
The construction and operation of the TGD, aiming to control flood and generate electricity, have inevitably caused significantly hydrological alterations, which severely change the balance of natural flow regime and consequently result in undesirable ecological effects. Based on a newly updated hydrological dataset, changes in the hydrological regime and its spatial pattern in the middle-lower Yangtze River after the operation of TGD were assessed with the widely used RVA method. The major findings are as follows:
(1) The main changes included significant decline of high flows and increase of low flows, which was mainly attributed to the TGD storing water in early autumn and releasing water during winter and spring. The rate of change and extreme flow conditions were more affected by the TGD, while the monthly flow and high/low pulses were less altered; (2) In spatial patterns, the overall degree of HA along the middle-lower Yangtze River ranged from 37% to 63% and generally decreased with the distance from the dam increased, which was largely attributed to the increased confluent inflows from large tributaries along the Yangtze River. The lake-river interaction has mitigated the impacts of the TGD on the river flow at Chenglingji and Hukou station in certain degree; (3) Both of the magnitude and degree of HA due to the operation of the TGD were revealed in this study, which can greatly help improve understanding of the influences of the TGD on the hydrological processes in Yangtze River. Besides, there is a serious challenge for the TGD to balance the conflicts between the protection of riverine ecosystems and human needs. To reduce the hydrological alteration and minimize the negative ecological impacts, it is essential to optimize the existing operation rules or develop new reservoir management schemes without significantly affecting the main purposes of the TGD.
